As a first step in the transmission of malaria, Plasmodium parasites ingested by a mosquito must rapidly produce gametes prior to sexual reproduction. The phosphorylation-based signalling mechanisms underlying the initiation of gametogenesis remain largely unmapped. We have measured a high-resolution time course of phosphorylation in P. berghei gametocytes during the first minute of gametogenesis to elucidate the scope and dynamics of the response. The data reveals rapid phosphoregulation of microtubule motor proteins and DNA replication initiation proteins within the first 18 s and of DNA replication machinery by 60 s. The data also implicate several protein kinases and phosphatases in the gametogenesis signalling pathway. Through gene knock-out experiments, we verify that the protein kinases CDPK4 and SRPK1 have distinct influences over the phosphorylation of similar downstream targets. Together, the results show that key cell-cycle systems related to both replication and mitosis undergo simultaneous, rapid phosphoregulation.
Introduction
Malaria represents a major global health concern, causing an estimated 214 million cases and resulting in approximately 438 000 deaths in the last year [1] . However, much of the fundamental biology of the causative agents, intracellular parasites of the eukaryotic genus Plasmodium, remains unknown.
Nearly half of the proteome for any given Plasmodium species remains unannotated for function and the molecular systems that are key to the parasite's survival are largely unmapped due to significant divergence from well-studied model organisms and to experimental challenges posed by the parasite.
Plasmodium species have a complex life cycle between a vertebrate host and a mosquito vector of the genus Anopheles. Parasite transmission to mosquitoes is initiated when developmentally arrested sexualprecursor stages, the gametocytes, are ingested by a susceptible mosquito: micro-and macrogametocytes respond to a small mosquito molecule, xanthurenic acid (XA), which must coincide with a drop in temperature to trigger their differentiation into male microgametes and female macrogametes [2] . Cytosolic Ca 2+ levels rise steeply after a lag phase of 6-8 s and peak within the first 20 s of activation [3] . Within 15 s, a microtubule organising centre gives rise to eight kinetosomes [4] . As soon as 60 s after activation, microgametocytes have assembled monomeric tubulin from the nucleoplasm into the first mitotic spindle, and four axonemes start to grow on the templates of kinetosomes at each spindle pole [5] . Since the DNA content of non-activated gametocytes is only slightly in excess of the haploid value, it is likely that replication in the microgametocyte is also initiated during the first minute, i.e. before the first mitosis. The same is probably true for events leading to egress of both micro-and macrogametocytes from the host erythrocyte, since these are also dependent on the early Ca 2+ signal [3] .Within 8-10 min, each microgametocyte must replicate its genome three times, undergo three rounds of endomitosis, and assemble eight axonemes in order to produce eight microgametes. The microgametes then extrude from the gametocyte in a flagellar manner, through a process called exflagellation. Fertilisation of the macrogametes by microgametes results in the development of motile ookinetes, which may then escape the mosquito midgut.
The signal transduction pathway initiated through gametocyte activation by XA is an experimentally validated target for interventions to block parasite transmission to the mosquito [6] , and a more detailed understanding of the mechanisms that link extracellular triggers to the cell and developmental cycle of the parasite is therefore of significant interest. While a parasite receptor for XA has remained elusive, a very early response of the gametocyte is thought to be a rise in intracellular cyclic guanosine monophosphate (cGMP) concentration through regulation of guanylyl cyclase and phosphodiesterase activity [7, 8] , causing the activation of the cGMP-dependent protein kinase PKG [9] . PKG activity stimulates the rapid release of intracellular Ca 2+ stores via phosphoinositide metabolism [7, [9] [10] [11] . This Ca 2+ signal, in turn, activates the Ca 2+ -regulated kinase CDPK4 and the Ca 2+ -regulated protein phosphatase calcineurin A (CnA), both of which are required to initiate DNA replication during microgamete formation [3, 12] . Another Ca 2+ -dependent kinase, CDPK1, may well be activated by the same early Ca 2+ signal but is only known to be required for the later event of gametocyte egress from the host cell and in female gametes is also essential for the subsequent expression of translationally repressed mRNAs [13] . A mitogen-activated protein kinase (MAPK2) has been implicated in the late stages of gametogenesis, playing a role in mitosis, cytokinesis, and axoneme motility [14] [15] [16] . Two other enzymes, an SR-protein phosphorylating kinase SRPK1 [17, 18] and a protein phosphatase PPM1 [19] , have been found to be required to complete exflagellation, however more precise characterisations of their function
have not yet been made. Any regulatory relationships between these enzymes are unknown. Nevertheless, it is clear that protein phosphorylation plays a central role in the regulation of gametogenesis.
Phosphorylation patterns have been investigated at a proteomic scale in Plasmodium parasites at various life cycle stages of different species [11, [20] [21] [22] [23] [24] [25] [26] [27] . However, lack of large-scale functional knowledge in these species has made it difficult to assign observed phosphosites to functional modules. Also, the dynamic nature of phosphorylation implies that temporally relevant events are indistinguishable from established phosphosites. The construction of phosphoproteomic time courses, in which the phosphoproteome is measured at several time points following a perturbation, has been shown to be a powerful approach to study cell signalling responses [28] [29] [30] [31] [32] [33] . The highly dynamic and rapid gametocyte activation process is thus an interesting candidate for time-course analysis. It has the advantage of being highly synchronised:
activation of developmentally arrested gametocytes can be reliably and rapidly effected in vitro through a decrease in temperature and a concomitant introduction of XA [2] . In this manner, the early signalling events underlying gametogenesis can be readily observed with a low amount of cross-talk from other processes.
In an attempt to unravel the early signalling processes during gamete formation, we have constructed a high-resolution phosphorylation time course of the process in P. berghei. Our results implicate several kinases as members of a pathway comprising the early gametogenesis signalling response. Additionally, they show that systems that are fundamental to microgamete formation, particularly the assembly of axonemes, proteins required for mitotic spindle formation and for DNA-replication processes, undergo phosphoregulation almost instantaneously and simultaneously during the first minute of cell activation.
We also present a resource of hundreds of regulated phosphosites of likely importance for controlling basic biological processes in malaria parasites.
Results

Robust quantification of phosphosites
In order to observe the global patterns of protein phosphorylation following gametocyte activation,
we measured a high-resolution time course of the phosphoproteome of P. berghei. To decide which time points would provide the best picture of relevant regulated phosphosites, we considered that the activation of gametocytes by XA at a permissive temperature is very rapid (Figure 1a ). Our time course therefore focuses on the first 18 s, at 6 s intervals, to capture the first cellular response to the initial Ca 2+ signal. It finishes after the first minute, since this period should be sufficient to capture the key regulatory events associated with the induction of major cell cycle events in the microgametocyte. For each time point, we used four label-free biological replicates and produced two technical replicates from the each phosphopeptide-enriched sample ( Figure 1b) . A total of 17 238 unique peptides were identified, of which 8982 were phosphopeptides. 12 672 phosphosites were identified within these peptides, with
10 237 localised at site-level with high-confidence (confidence > 0.75); 8299 of these high-confidence sites were found on P. berghei proteins and 1938 were from M. musculus proteins (Supplementary Table S1 ).
Phosphosite intensities, estimated from the intensities of the different phosphopeptides on which the sites are identified, were strongly correlated between replicates ( Figure 1c ). Furthermore, we detected several of the proteins and phosphosites observed in a previous, two-dimensional gel electrophoretic screen of phosphorylation in gametocytes and gametes [34] . Thus, the data represents a comprehensive and reproducible view of early phosphorylation during gametogenesis, from which we could reliably reconstruct time courses.
Phosphorylation time courses cluster into distinct response groups
We quantified the change in phosphorylation states over time by calculating log 2 -ratios against unstimulated gametocytes (0 s), producing time courses of changes in abundance from 0-60 s. In order to account for sites which were not detectable as phosphorylated at the beginning or the end of the experiment, we also constructed two "truncated" time courses: 6-60 s time courses were constructed for sites that were not observed at 0 s and 0-18 s time courses for those that were not observed at 60 s.
We then devised a method to robustly distinguish sites that significantly changed during the time course, accounting for technical variation in the observed ratios, by exploiting the fact that the phosphopeptide enrichment was not 100 % specific. To this end, we constructed time courses, as described above, for the 2+ stores leads to egress from the parasitophorous vacuole and the erythrocyte in both micro-(♂) and macrogametocytes (♀). Microgametocytes also produce eight axonemes and undergo three rounds of DNA replication and endomitosis within 10 min, followed by exflagellation. (MTOC: microtubule organising centre) b) A schematic of the experimental design. Ca 2+ and DNA synthesis dynamics were adapted from refs. [3] and [35] , respectively. c) Correlation coefficients for phosphosite intensities between biological replicates for each time point (R1: replicate 1, R2: replicate 2, etc.). d) Kernel density distributions of log 2 -ratios for phosphosites and non-phosphopeptides at the 6, 12, 18 and 60 s time points relative to unstimulated gametocytes (0 s). The non-phosphopeptideratio distributions were used as null-distributions to test significance of the phosphosite ratios. e) The interquartile ranges (IQRs) of log 2 -ratio distributions from (d), with least-square regression lines and Pearson correlation coefficients shown. The increase in IQR for phosphosites represents the phosphorylation signal spreading out to a wider range of targets over time. f) Hierarchical clustering of log 2 -ratios of the significantly regulated phosphosites.
non-phosphorylated peptides that we detected. Given the short time scale of the experiment, we assumed that any variation in the intensities of these non-phosphopeptides could be attributed to random, technical noise. We could then use this to construct null distributions of log 2 -ratios, against which we tested for significant variation in the phosphosite ratios (Figure 1d ). The interquartile ranges (IQRs) of the phosphosite ratio distributions were found to increase with time while those of the non-phosphopeptides remained constant (Figure 1e ), supporting our assumptions. This growth in the IQR over time may be interpreted as the signalling response spreading out to a wider range of targets over the course of the experiment [33] .
In this way, 1089 phosphosites on 549 P. berghei proteins were found to show evidence of significant change during one of the three time courses (referred to herein as "regulated sites", however it is important to emphasise that this is in reference to regulation of phosphorylation state and may not in all cases correspond to regulation of protein activity). For the majority of regulated sites, full, 0-60 s time courses were measurable (0-60 s: 926 sites; 6-60 s: 64 sites; 0-18 s: 99 sites; Supplementary Table   S2 ). Hierarchical clustering of all significant time courses revealed that the majority of the sites show positive trends ("up-regulation") and only about a fifth of the sites show consistently negative trends ("down-regulation") ( Figure 1f ). To gain finer detail, we employed a Gaussian mixture-model clustering algorithm to re-partition the data (Supplementary Table S2 Figure 2a) ; this indicates that dynamic phosphoregulation of microtubule motor proteins occurs throughout the first minute after gametocyte activation. Other clusters together suggest that proteins related to DNA replication-initiation and nucleic acid metabolism are moderately phosphorylated within the first 18 s (cluster 5), and these proteins along with DNA replication machinery are significantly phosphorylated by 60 s (clusters 5 and 6). We also observed that one early and one late up-regulation cluster (clusters 2 and 6) were enriched in male-specific proteins (p = 0.035 and p = 0.023 respectively), while another early up-regulation cluster (cluster 3) was enriched for female-specific proteins (p < 0.001) and the primary down-regulation cluster (cluster 10) was enriched for proteins that are exclusive to neither male nor female gametocytes (p = 0.035).
The broad trends of these results suggest that a large portion of the response is dominated by phosphoregulation of DNA replication and microtubule-related proteins in male gametocytes. Within the first minute of microgametogenesis, spindle plaques need to split, nucleate the spindle of mitosis I, give rise to basal bodies and start growing axonemes. In other eukaryotes, microtubules are nucleated from a ring of γ-tubulin in complex with a family of interacting proteins, many of which are phosphorylated by mitotic protein kinases [36] . In Plasmodium, only γ-tubulin and one component of the ring complex, PBANKA_083430, appear to be conserved. The latter is characterised in our data by an early phosphorylation event from 6 s. Similarly, phosphosites in the centrosome component centrin-2, in a number of axonemal dynein chains and in other axoneme associated proteins [37] are contained in the rapid-response clusters 1-3. This is unexpected, because it suggests that mitotic kinases may become active at the same time as DNA replication is initiated, not after the cell has completed S-phase.
Interestingly, while phosphatidylinositol (PI) signalling is known to be triggered early by PKG and is required for the rapid mobilisation of Ca 2+ [11] , we saw enrichment for PI metabolism in sites which show predominantly late up-regulation (cluster 4). Closer inspection of the data reveals a more differentiated picture, however. This cluster, indeed, includes phosphosites on a PI 3-kinase (PI3K, PBANKA_111490), a PI 4-phosphate-5-kinase (PI4P5K, PBANKA_020310) and a PI 4-kinase (PI4K, PBANKA_110940).
The PI4K, a validated drug target [38] , carries two regulated sites that are both up-regulated within 6 s, as would be predicted: S534 (cluster 2) and S538 (the aforementioned site in cluster 4). However, S538
has more complex dynamics, with its initial phosphorylation suppressed by 18 s and then reappearing by 60 s, hence its inclusion in the late up-regulation cluster. Later phosphorylation events in the pathway such as this may be involved in signal termination or restoration of IP3 levels. It is noteworthy that in another life-cycle stage of P. berghei, the motile ookinete, the same sites were identified as putative targets for PKG and were shown to be of functional importance during ookinete gliding [11] . In the same work, cGMP-mediated phosphorylation was reported within the Sec7 domain of a putative guanine nucleotide exchange factor for the small GTPase ARF (PBANKA_130680), which in P. falciparum can interact with a PI4P5 kinase to regulate its activity [39] . The neighbouring serine, S1229, was found to undergo early phosphoregulation in our time course. Taken together, these data indicate that at least some phosphosites we have detected are functionally important and consistent with a previous analysis at another life-cycle stage, and that the functional enrichment analysis highlights high-level trends that are congruent with our limited existing knowledge of gametogenesis.
The phosphoregulated proteins are functionally associated
We investigated whether the regulated phosphoproteins tend to be functionally related to each other in a previously published protein-protein association network, in which associations are predicted from diverse data such as co-expression or co-evolutionary patterns [40] . We found that the subset of the Figures 3B-D show sub-networks of regulated proteins that are annotated with specific, relevant molecular function annotations: motor activity, helicase activity, and kinase and phosphatase activity, respectively. In Figure 3b , we again see a large, interconnected cluster of motor proteins with another, smaller cluster consisting of a few otherwise unannotated motor proteins. In Figure 3c , visualising the sub-network of regulated kinases and phosphatases reveals a tightly interconnected cluster, which comprises all of the enzymes that underwent phosphoregulation during the time course (none are omitted due to poor connectivity). Thus the kinases that we detected as undergoing phosphoregulation all have prior evidence of being functionally related. Finally, in Figure 3d , consisting of proteins annotated for helicase activity, we see a cluster containing several proteins of the DNA replication licensing factor (MCM) family and another cluster of helicases involved in DNA repair, as well as some RNA helicases.
While these represent a broad range of helicase functionality, the connections between these clusters are limited.
Protein kinases and phosphatases associate with specific dynamic clusters
The phospho-signalling enzymes that regulate gamete formation and the regulatory relationships between them remain largely unknown. Likewise, the downstream functional pathways regulated by these enzymes are unclear. While we cannot infer direct enzyme-substrate relationships from the data set, we can use the information encoded in the protein-protein functional-association network to infer relationships between enzymes and phospho-regulated substrates (see Methods). This allows us to construct a coarse-grained view of the putative roles of the signalling enzymes. Using the protein-protein association network, we found statistical associations between enzymes and proteins from the phosphosite clusters for an aurora kinase (ARK2; PBANKA_040740), CRK5 (PBANKA_123020), the orphan kinase PBANKA_062210, NIMA-related kinase 1 (NEK1; PBANKA_144300), and a putative protein phosphatase 2C (PBANKA_142720) ( Figure 4 ).
We found similar associations with late up-regulation and general down-regulation clusters for CRK5
(clusters 5 and 10), PBANKA_062210 (cluster 5) and the phosphatase 2C (clusters 5, 8 and 10), associating these enzymes with DNA replication via cluster 5. PBANKA_062210 was found to be strongly associated with the proteins of the replisome (Figure 3a ), stressing the potential importance of this yet undescribed kinase. The phosphatase 2C has not been annotated with any of the enriched functional terms (thus it is not found in figure 3a), however it has evidence of functional association with CRK5
( Figure 3c ). Accordingly, the association of these two enzymes with both phosphorylation and dephosphorylation clusters, albeit largely via a different set of proteins for each enzyme, could be explained by The proteins that are phosphoregulated following gametocyte activation have evidence of tightly interconnected functional associations. a) The subset of the functional-association network consisting of regulated phosphoproteins that were associated with enriched GO terms (minimum edge score of 300). Edges are shaded and weighted according to their edge score. Nodes are coloured according to Molecular Function annotations and contain the numeric portion of the protein's ID. Sub-nodes represent significantly regulated phosphosites, with their colour reflecting the time course cluster to which they belong. Some functional clusters are highlighted. b) The subset of the network consisting of regulated proteins annotated for motor activity. Nodes contain a description of the gene product if available, otherwise they contain the numeric portion of the protein ID. c) The sub-network of regulated proteins annotated for protein kinase (yellow) or protein phosphatase (light violet) activity (PKG, a kinase known to be active after gametocyte activation, is included, despite not having been detected as regulated). d) The sub-network of regulated proteins annotated for helicase activity. 11 their working in a complementary manner to regulate the same systems.
ARK2 is enriched in network interactions with proteins that carry phosphosites from two clusters characterised by rapid initial responses that remain stable (cluster 1) or increase over 60 s (cluster 6) ( Figure   4 ). While these two sets of proteins are overall enriched in similar functional terms, the ARK2 interaction partners among them comprise two distinct sets of mainly kinesin and dynein chains. This links ARK2 to the phosphoregulation of the microtubule motor proteins, which is consistent with another member of the aurora kinase family being found at microtubule organising centres in P. falciparum [41] .
This late up-regulation cluster (cluster 6) was also enriched in male-specific proteins, thus, we speculate that ARK2 plays a role in regulating mitotic processes during microgametogenesis. It is interesting to note that CRK5 is among the proteins from this cluster that are functionally associated with ARK2, suggesting that the regulatory functionality of ARK2 and CRK5 may be related.
The kinase NEK1 (PBANKA_144300), thought to be involved in MAPK signalling, is known to be essential and is expressed highly in males at the gametocyte stage [17, [41] [42] [43] [44] . It was associated with a cluster characterised by initial down-regulation followed, in some cases, by eventual up-regulation (cluster 11).
NEK1 was phosphoregulated at one site, characterised by rapid dephosphorylation within 6 s followed by recovery to pre-activation phosphorylation levels by 18 s. The two proteins driving its statistical association with the cluster, the kinase PBANKA_062210 and an unannotated protein PBANKA_124420, both have phosphosites that are characterised by the later up-regulation seen in the cluster, as described above. Thus, we would speculate that NEK1 is primarily active by 60 s and indeed may be functionally repressed during early signalling events. This is consistent with the role of MAPK signalling during later gametogenesis events [14] .
This analysis places these enzymes alongside others that have been more directly implicated in gametogenesis through knock-out or loss-of-function experiments ( Figure 4 ). However, beyond the initial events around the second messengers cGMP and Ca 2+ , we cannot yet derive a hierarchical structure between the enzymes in order to reconstruct a gametogenesis signalling pathway. The second-messenger dynamics suggest that the signal originates with PKG and the calcium-dependent enzymes, but specific substrates of these and other enzymes remain largely unknown. In P. falciparum, CDPK1 has been identified as a substrate of PKG, so we indicate this relationship in Figure 4 [25] . Similarly, the NIMA-related kinases NEK1 and NEK3 of P. falciparum have been shown to be able to phosphorylate MAPK2 in vitro, suggesting that they could regulate the functionality of this kinase [43, 45] . This, in turn, would tentatively link one cluster (cluster 11) to mitosis and axoneme motility via NEK1 and MAPK2. Surprisingly, none of the previously implicated enzymes were otherwise found to be associated with the time-course clusters. This is likely due to low coverage of the network, in which many of the enzymes, such as CDPK4 and SRPK1, are poorly represented. Nevertheless, the results introduce several new enzymes as likely components of the pathway, with their specific roles requiring further validation.
Conservation of phosphosites suggests functional constraint
If a phosphosite has a vital biological function, it can be expected to be conserved at the sequence level or phosphorylation at homologous sites should be observed within the protein family across species.
We assessed the sequence conservation of phosphosites at the underlying nucleotide level by estimating the ratio of the number of non-synonymous substitutions to the number of synonymous substitutions (dN/dS) per site during species divergence (Supplementary Table S4 ). We defined conserved sites as those that show evidence of more selective constraint (lower dN/dS) than would be predicted by known determinants of evolutionary rates. The proteins with conserved phosphosites were enriched for motor activity, the myosin complex, calmodulin binding, and cytoskeletal protein binding. When limited to only proteins undergoing active phosphoregulation during gametogenesis, the set is enriched in proteins annotated for DNA helicase activity, DNA replication and replication-initiation, and the MCM complex.
We then focused on the conserved, regulated sites that fall within a predicted protein domain and which have previously been detected as phosphorylated in P. falciparum. Together, these would be likely indicators of important functionality. We identified thirteen such sites (Table 1) . Notably, both CDPK1
and CDPK4 have homologous, conserved and regulated phosphosites that are located within their kinase domains, suggesting that these sites can be taken as indicators of the respective kinase's activity. This is supported by the fact that the orthologous CDPK1 site in P. falciparum has been identified as a site of autophosphorylation [46] . Several sites also fall within domains related to DNA replication and the cell cycle, for which evidence in other species suggests functionality. In particular, phosphorylation within the MCM N-terminal domain of human MCM7 has been implicated in the regulation of formation of the MCM2-7 complex and in the progression of the cell cycle [47] and phosphorylation within the MCM domain of human MCM3 regulates the replication process [48] . The phosphorylation of MAT1 (PBANKA_111190) within its eponymous domain is also potentially related to the regulation of the cell cycle is; in other eukaryotes, this protein (MNAT1 in humans) associates with CDK7 and cyclin H to form the CDK-activating kinase enzymatic complex (CAK), which then regulates cyclin-dependent kinases by phosphorylating them. However, no functionality of phosphoregulation of MNAT1 has yet been described. 
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Because we observed that many motor proteins undergo phosphoregulation at multiple sites, we next investigated whether similar phosphorylation patterns are conserved in similar proteins. If the regulated sites occur in regions of the proteins that are frequently observed to be phosphorylated within protein families, so-called phosphorylation hot-spots [49] , then it may be an indication of functional importance.
The dynein heavy chain and kinesin families were found both to be heavily phosphorylated along their full lengths (Supplementary Figure ?? ). While no hot-spots were distinguishable in the dynein heavy chain family, several regulated sites fall within hot-spots at well-aligned positions in the kinesin family, [50, 51] . Such occurrences of regulated phosphosites within phosphorylation hotspots suggest that these phosphorylation patterns have functional, regulatory roles.
Gene knock-outs link protein kinases to core signalling responses
We next sought to investigate the roles of specific protein kinases in the gametocyte activation response.
We studied two knock-out lines, one lacking CDPK4 and the other with a deletion of SRPK1. Both kinase mutants make morphologically normal gametocytes but are defective in male gametogenesis [3, 17] .
Consistent with these genetically confirmed functions, both undergo phosphorylation during the time course, however we were not able to detect any specific functional associations for either kinase with the dynamic clusters (Figure 4) . To elucidate the roles of these kinases during early gametogenesis, we compared phosphorylation patterns before and 18 s after activation in the knock-out lines and the wild type.
In the SRPK1 knock-out experiment (SRPK1-KO), 3949 peptides were quantified in the wild-type (WT) and knock-out (KO) samples, of which 2676 mapped to 1060 P. berghei proteins and the remaining to 787 M. musculus proteins (Supplementary Table S5 ). 236 peptides carried sites that were observed as regulated in the time-course experiment. In the CDPK4 knock-out experiment (CDPK4-KO), we quantified 3539 unique peptides. 2491 of these peptides were mapped to 993 P. berghei proteins and the remaining were mapped to 663 host proteins (Supplementary Table S5) We saw significant differences between KO and WT after activation in both experiments, however in SRPK1-KO we also saw differences between the two samples before activation (Figure 5a) . Before studying the effects of deleting the kinases, we first checked that the WT samples replicated the observations of the time course experiment. The significantly up-and down-regulated WT phosphopeptides in both experiments were enriched in protein functions that generally matched those of the time course experiment, despite the shorter time-frame (18 s here versus 60 s in the time course) (Figure 5b ). We therefore concluded that the WT samples reproduced the observations from the time course experiment and differences with the KO samples could be attributed to loss of the respective kinase.
Pre-activation differences between KO and WT are likely to be caused by a change in the steady-state of protein abundances or phosphorylation due to the missing kinase. If a phosphopeptide's state is not regulated (directly or indirectly) by that kinase, then its disruption in the KO versus WT 18 s after activation should be similar to that observed at steady-state prior to activation. Indeed, for both experiments, we found a positive correlation between the pre-and post-activation changes in phosphorylation, suggesting that many disruptions of phosphosites due to the absence of the kinases were already present prior to activation. Outlier peptides in this correlation were therefore interpreted to have been affected during the gametogenesis process specifically (Figure 5a ). In SRPK1-KO, we identified 243 affected phosphosites, the majority of which increased in abundance in the KO versus WT after activation ("positive disruption"). In CDPK4-KO, we found 196 disrupted phosphosites, however in this case the change was largely negative. 16 of the phosphosites disrupted by loss of SRPK1 were observed in the time course, and these came from both up-and down-regulation clusters, while the 22 sites affected by deletion of CDPK4 that were also observed in the time course all came from up-regulation clusters. Thus, in the case of CDPK4 we see evidence for significant loss of phosphorylation when the kinase is deleted, while for SRPK1 we observed general disruption and a notable gain of phosphorylation events. This suggests SRPK1 may indirectly repress phosphorylation during gametogenesis via an intermediary enzyme.
We next performed an enrichment analysis on the disrupted proteins for the functional terms that were associated with the time course (Figure 5b) . For both experiments, we found an enrichment in proteins related to the microtubule cytoskeleton. In CDPK4-KO, these were all negatively disrupted, while in SRPK1 they were both positively and negatively disrupted. The phosphoregulation patterns reveal that in the case of CDPK4 the phosphosites were up-regulated in WT and unregulated in the KO after activation; while for SRPK1 the trend was reversed, with sites that were unregulated in the WT being mostly up-regulated in the KO (Figure 5c ). Although some of these proteins were affected in both KO experiments, the specific phosphosites that were disrupted were unique in each case. Many of the motor proteins affected in SRPK1-KO, however, were unaffected in CDPK4-KO. Thus, CDPK4 and SRPK1 appear to both regulate different subsets of the microtubule motor system and the phosphorylation patterns support the hypothesis of a repressive function for SRPK1. We also saw a disruption in both experiments of DNA replication initiation, through components of the origin of replication initiation complex (ORC) and the MCM complex (Figure 5b ). One interesting case is S60 on ORC1 (PBANKA_060200), which is up-regulated after activation in WT. When CDPK4 is not present, regulation of this site is lost. However, when SRPK1 is not present, the site significantly increases in abundance relative to WT. This suggests that the signal for phosphorylation of this site originates with CDPK4 and the stoichiometry of this event is moderated by the signal passing through an SRPK1-mediated feedback loop. This is supported by the observation that phosphorylation of SRPK1 itself is negatively disrupted when CDPK4 is deleted, placing SRPK1 downstream of CDPK4 in the early gametogenesis signalling events.
Discussion
Plasmodium gametocytes must detect the change in environment from host to vector and propagate that signal quickly and efficiently to initiate the necessary gametogenesis processes. Because this process is vital to the parasite's successful transmission, determining the underlying signalling events is a primary step towards a fundamental understanding of transmission. Our results reveal a prominent phosphorylation response within 18 s after gametocyte activation and that this signal is widespread by 60 s. In particular, despite having observed a large number of proteins undergoing active phosphoregulation during the response, we found a large fraction of the activity to occur in functionally related systems pertaining to DNA replication and mitosis, two processes known to be rapidly induced in the male gametocyte upon activation.
We observed phosphoregulation on several protein kinases and phosphatases, many of which are dispensable for the asexual erythrocytic cell cycle, but which were implicated through gene knockout studies in regulating gametocyte activation specifically, including CDPK1 and 4, MAPK2, SRPK1, CnA, PPM1 and PPKL [3, [12] [13] [14] [15] [17] [18] [19] . In two cases, CDPK4 and CDPK1, we identified regulation of conserved phosphosites within their kinase domains, which may indicate regulation of their enzymatic activity during this process. For the other kinases that we observed undergoing phosphoregulation, it is more difficult to directly relate phosphorylation state to kinase activity levels. Nevertheless, through enrichment analyses in conjunction with the protein-association network, we could show that some of the kinases undergoing phosphoregulation after gametocyte activation are functionally associated with groups of proteins that are phosphoregulated with similar dynamics to each other. In particular, the evidence suggests that the phosphorylation states of ARK2, CRK5, NEK1, and the orphan kinase PBANKA_062210 change in response to gametocyte activation and that these enzymes are functionally associated with other proteins that undergo simultaneous phosphoregulation. This suggests that these enzymes may play central roles in the gametocyte activation response. While no functional data are available on the orphan kinase, the first three candidates, which all belong to more conserved protein kinase subfamilies implicated in regulating the eukaryotic cell cycle, have some evidence for expression in asexual stages, and attempts to disrupt these genes have been consistently unsuccessful in P. berghei [17, 20] . Roles for these protein kinases are therefore most likely not limited to gametogenesis, but may extend to regulating the Plasmodium cell cycle more generally. Stage-specific or inducible mutants in these genes have the potential to reveal deeper insights into the mechanisms of Plasmodium cell-cycle regulation. Interestingly, another cdc2-related protein kinase, CRK4, is required for both replication and mitosis in P. falciparum schizonts and has been implicated in phosphorylation events on the pre-replicative complex. CRK4 is also expressed in P. falciparum gametocytes and while it is required for Plasmodium transmission to the mosquito, it is not essential for exflagellation [27] . Consistent with this, in P. berghei gametocytes we have observed phosphopeptides belonging to CRK1, 3, 4 and 5, but only the latter shows significant evidence of marked changes in phosphorylation levels, suggesting CRK5 is the likely S-phase promoting kinase in the activated microgametocyte. However, this does not rule out potential roles for this kinase later in gametogenesis.
Unfortunately, this statistical analysis failed to reveal associations for known components of the pathway, such as CDPK4 and SRPK1. Since both protein kinases had previously been shown to be essential for exflagellation downstream of gametocyte emergence [3, 17] , we used the existing mutants to elucidate further the roles that these two kinases might play in the process. Deletion mutants were characterised by the disruption of the phosphorylation processes observed in the time course, albeit in distinct ways.
When CDPK4 is not present, many sites which are phosphorylated after activation in the WT are dysregulated. CDPK4 thus appears to be directly or indirectly responsible for the phosphorylation of many proteins, including those in the replisome and the microtubule cytoskeletal systems. Since CDPK4 is known to be activated in the microgametocyte soon after the XA signal is detected, this places this kinase upstream in the pathway with a "master regulator" role in the propagation of the signal, as previously suggested [3] . SRPK1, on the other hand, plays a more indirect role, in which its presence is responsible for the repression of phosphorylation on proteins in the same systems. As a result, loss of SRPK1 leads to an increase of phosphorylation events after gametocyte activation. Because SRPK1 is itself negatively disrupted upon deletion of CDPK4, we hypothesise that SRPK1's activity depends on activation of CDPK4 and that it, in turn, negatively regulates another kinase or positively regulates a phosphatase. In at least one case that we identified, this could function as a feedback mechanism on a phosphosite that is regulated by CDPK4.
This dynamic view of phosphorylation during early gametogenesis reveals an unexpected breadth to the signalling response at short time-scales. A number of studies in malaria parasites have investigated phosphorylation of parasite proteins at proteome-scale, looking at different parasite stages and species [11, [20] [21] [22] [23] [24] [25] [26] [27] . Even where these studies have used genetic mutations or small molecules to perturb the system in a controlled manner, identifying functional modules among the regulated proteins has been rendered difficult due to the large number of responding phosphosites in the proteome. Time-course data, in contrast, have the power to provide a more highly resolved analysis by grouping sites by the kinetics of their response [28] [29] [30] [31] [32] [33] . Using this approach, we here bring into focus specific systems that are undergoing phosphoregulation as key players in the initiation of gametogenesis, especially in the rapidly developing male gametocytes. In particular, the multiple rounds of DNA replication and mitosis undergone by microgametocytes appear to be initiated via phosphorylation within the first seconds of activation. Conservation of phosphorylation sites in replication initiation proteins and motor proteins supports the hypothesis that these phosphorylation events functionally regulate the proteins. By linking individual protein kinases and phosphatases with downstream effector modules characterised by coregulated phosphosites, we provide a rich resource from which starting points for future studies into the underlying mechanisms of cell cycle regulation during Plasmodium gamete formation can be derived.
Some of the molecular players we identify are essential also in blood stages, and their further analysis in sexual development will therefore not only reveal new ways of blocking parasite transmission to the mosquitoes but may also serve as a model to characterise targets with important roles in asexual blood stages, which cause all the pathology associated with malaria in humans.
Cell-cycle regulation in malaria parasites is poorly understood and current evidence suggests that some of the canonical cell cycle check points are not present. During asexual schizogony in the blood stages, for example, nuclei behave as autonomous units that undergo repeated rounds of replication and mitosis in an asynchronous manner, while being retained within the same cellular envelope [56, 57] . During sexual development, the release of microgametes requires DNA synthesis [58] , but on the other hand a compound that interferes with spindle formation did not prevent DNA replication to proceed through all three rounds [5] , suggesting in the male nucleus multiple rounds of replication and mitosis may progress in parallel without depending on each other. We were therefore intrigued to see that protein modules involved in origin or replication recognition and cytoskeletal reorganisation were simultaneously targeted for phosphorylation during the first few seconds of gametocyte activation. These data suggest that some mitotic processes are already initiated contemporaneously with DNA synthesis in Plasmodium gametocytes and raise important questions regarding the temporal control of the cell cycle in these organisms.
Materials & Methods
Parasite maintenance and preparation
All animal experiments were conducted under a license from the UK Home Office in accordance with national and European animal welfare guidelines or with the authorisation number (GE/82/15) according to the guidelines and regulations issued by the Swiss Federal Veterinary Office. P. berghei strain ANKA [59] derived clone 2.34 [3] , CDPK4-KO [60] , and SRPK1-KO [17] were maintained in CD1 outbred mice obtained from Harlan. Mice were specific pathogen-free and subjected to regular pathogen monitoring by sentinel screening. They were housed in individually ventilated cages furnished with a cardboard fun tunnel and Nestlet. Mice were maintained at 21 ± 2
• C under a 12 h light/dark cycle and given commercially prepared autoclaved dry rodent diet and water ad libitum. Mice were used for experimentation at 6-12 weeks of age.
For gametocyte production, mice were treated with phenyl hydrazine three days before infection. One day after infection asexually replicating parasites were eliminated by the addition of sulfadiazine ( 
Quantitative protein mass spectrometry
Time course experiment Phosphopeptide enrichment Phosphopeptide enrichment was performed on TiO 2 tips (Thermo), following the manufacturer's instructions. Each sample used 500 µg peptides. Phosphopeptides were eluted from the tip by 1.5 % NH 4 OH followed by 5 % pyrrolidine. Both eluates were pooled, acidified and then desalted on Graphite Spin Columns (Thermo) as instructed by the manufacturer's protocol.
Each sample was split into two technical replicates, dried in a SpeedVac, and stored at −20 • C. 
Label-free LC-MS/MS
LC-MS/MS analyses of technical replicates were repeated sequentially.
Spectral analysis and peptide quantification Raw spectra from the time-course experiment were analysed using MaxQuant (version 1.5.2.8) [62] . Technical replicates were treated as fractions. The minimum peptide length was set at seven and protein and site identification false discovery rates (FDR)
were set at 0.01. Carbamidomethyl was set as a fixed modification. Peptides were searched against the P. berghei annotated protein database retrieved from PlasmoDB (http://www.plasmodb.org; version 13.0) and the M. musculus protein sequence database retrieved from Uniprot (http://www.uniprot.
org). Peptides were quantified using the iBAQ (intensity-based absolute quantification) method [63] , as implemented in MaxQuant, using a logarithmic fit and spectra-matching between runs. Acetylation, deamidation, oxidation and phosphorylation were included as modifications in the protein quantification.
Only phosphosites with a localisation probability of 0.75 or greater were retained for further analysis.
Data processing Time courses for the change in phosphorylation level for each phosphosite were calculated using the composite intensity scores estimated by MaxQuant from all peptide evidence for that site. For each time point (0, 6, 12, 18 and 60 s), these phosphosite intensities were quantile normalised between the four biological replicates [64] . For each site at each time point, the mean and standard error of the intensities were calculated if intensities were measured in at least two replicates, otherwise it was considered not to have been detected. The standard error of the site's intensities at a given time point was compared to the distribution of standard errors of all sites' intensities for that time point. If a site's standard error of intensities at any time point was greater than the distribution's upper quartile plus 1.5
times the interquartile range (IQR) (i.e. the upper "whisker" on a standard box-and-whisker plot), that site was discarded as unreliable.
Three time courses were then generated from these values: the "full" time course (0-60 s), for sites that were detected at all five time points; a "late" truncated time course (6-60 s), for sites that were not detected in unactivated parasites; and an "early" truncated time course (0-18 s), for sites that were not detected at the 60 s time point. For each site, ratios were calculated from its intensity at each time point against its intensity at the first time point and were logarithmically transformed (base 2) (e.g. log 2
In order to determine which sites show significant evidence of change in phosphorylation state, we exploited the fact that enrichment of phosphopeptides is not 100 % specific and that the time-frame in question is too short to see significant variation in protein abundances. Time courses were constructed for non-phosphorylated peptides in the same manner as described above. All phosphosite ratios and nonphosphopeptide ratios were then corrected for the median non-phosphopeptide ratio for the corresponding time point. The distributions of non-phosphopeptide log 2 ratios were used as null distributions against which the significance of the phosphosite log 2 ratios could be tested. Two-tailed p-values were computed from an empirical cumulative distribution function of the non-phosphopeptide ratios. Sites showing at least one time point with a p-value less than the critical value of 0.05 were determined to have undergone significant phosphoregulation during the time course.
Significant sites were clustered according to their time courses using a normal mixture-modeling based method, using the "mclust" library (version 5.2) in R [65, 66] . The library chooses the number of clusters and the specific model to fit (spherical with equal volumes or spherical with unequal volumes) via an automated method which optimises the Bayesian Information Criterion (BIC).
Knock-out experiments
Phosphopeptide enrichment The CDPK4KO and the SRPK1KO experiments consisted of 8 samples each: wild-type and knock-out samples measured at two time points, unactivated (0 s) and activated (18 s after activation), in two biological replicates.
200 µL of 2 x lysis buffer was added to the 200 µL parasite suspension, and then processed as described above. 300 µg proteins were taken and the volumes were equalised with 100 mm TEAB followed by alkylation with IAA. Proteins were precipitated by MTBE [67] and then digested with 8 µg trypsin in 150 µL of 100 mm TEAB at 37 • C for 2 h. A further 4 µg trypsin was added and digested for another 5 h. 100 µg peptides was taken from each replicate for TMT 10plex labelling, then mixed and dried in a SpeedVac. The labelled peptide mixture was fractionated at pH 10 on an XBridge BEH C18 column Phosphopeptides were eluted twice with 100 µL of 1.5 % NH 3 /25 % ACN then dried in a SpeedVac. The flow-through and the first wash of IMAC beads were collected and dried in a SpeedVac, and then the phosphopeptides were enriched using TiO 2 tips as described above. Peptide Amount, and then scaled with On Channels Average. The co-isolation threshold was set at 50 % to reduce the isolation interference. The phosphorylation sites were localised by phosphoRS as implemented in PD2.1 with site probability set at 75.
TMT-labelled LC-MS/MS analysis
Data processing For each knock-out experiment, peptides were filtered to include those which were unambiguously matched to a single P. berghei or M. musculus protein with a FDR less than 0.01.
Furthermore, only peptides that were quantified in all TMT channels were retained. log 2 ratios were calculated for both biological replicates using the peptides' scaled abundances provided by Proteome PSMs with phosphorylation at the same site(s) but otherwise differing in other modifications), followed by computing the mean of the resulting value between the two biological replicates. For all ratios, a p-value was calculated using the empirical cumulative distribution function of the non-phosphopeptides, as described above.
In order to account for a general change in cellular state before gametocyte activation, we built a linear model to predict the disruption at 18 s from the disruption at 0 s. That is, we aimed to predict log 2 KO 18 s WT 18 s from log 2 KO 0 s WT 0 s . We reasoned that peptides which were poorly predicted by this model could be assumed to have been affected by the knock-out during the activation process. To quantify this, we Studentised the residuals and assigned p-values from the t-distribution. Peptides that were found to have both residual p-values and log 2 KO 18 s WT 18 s ratio p-values less than 0.05 were taken to be significantly affected by the knock-out. We also performed a further partitioning of the affected peptides to isolate those which suffered an apparent loss of phospho-regulation, by taking those which were: a) observed to be significantly up-regulated in the WT sample or in an up-regulation cluster in the time-course experiment; and b) either significantly down-regulated or not significantly regulated in the KO sample.
Protein function and sex enrichment
Gene Ontology (GO) association files for P. berghei and P. falciparum (version 1.3.2015) were fetched from the Wellcome Trust Sanger Institute FTP server (ftp://ftp.sanger.ac.uk). The P. falciparum GO associations were used to supplement the P. berghei ones. For each P. falciparum gene with a one-to-one ortholog in P. berghei, the corresponding P. falciparum terms were merged with the existing terms associated with the P. berghei ortholog (if any).
Groups of proteins were tested for enrichment of GO terms via a binomial test [68] . Query protein groups for the time-course experiment included the list of all proteins containing significant sites and the lists of proteins containing significant sites in each of the phosphosite clusters. For the knock-out experiments, the query groups included proteins that showed significant up-or down-regulation in the wild-type sample, those whose post-activation state was significantly disrupted in the knock-out versus the wildtype, and those which we determined to be putative down-stream targets of the deleted kinase. The "background" set of proteins, against which enrichment was tested, consisted of all of the proteins detected in the time-course mass-spectrometry experiments, including those detected via non-phosphorylated peptides. GO enrichment analyses were performed using GOATOOLS (version 0.5.9) [69] , modified to perform the binomial test, on the "go-basic" ontology file provided at http://purl.obolibrary.org/ obo/go/go-basic.obo. For the knock-out experiments, we only performed targeted enrichment analyses by testing only the "leaf" terms found enriched in the time-course experiment.
Groups of proteins were further tested for enrichment for sex-specific proteins, using a previously published P. falciparum sex-partitioning data set by orthology [44] . Fisher's exact test was used to determine significant enrichment for female-specific, male-specific or shared proteins.
p-values for all enrichment analyses were corrected for FDR and significance was tested at a critical value of 0.05.
Network analysis
Protein interaction networks for P. berghei and P. falciparum were downloaded from the STRING database (version 10; http://www.string-db.org) [40] . The P. berghei network was extended to include additional nodes and edges from the P. falciparum network by orthology. New P. berghei nodes were added if they have a one-to-one ortholog in the P. falciparum proteome; edges from the P. falciparum STRING network were added to the P. berghei network only in the case that the edge was not already present; in the case that the STRING score of an edge between two orthologous pairs of proteins was different between the two networks, the original score from the P. berghei network was retained. Network statistics were computed using the NetworkX library for Python (version 1.8.1) [70] .
Significant association on the network between protein kinases or phosphatases and the phosphosite time course clusters was determined through an enrichment analyses for each enzyme that was found to be phosphoregulated during the time course or that has previously been implicated in gametogenesis (see Figure 4) . We compared the median of all of a kinase's edge scores with the median of its edge scores shared with the proteins carrying phosphosites in a given time course cluster. We tested the hypothesis that the median edge score for the subset of proteins with sites in the cluster was higher than that of all the edges via the Mann-Whitney test. p-values were corrected for multiple testing by adjusting for FDR.
Site conservation
Site conservation was measured by fitting nucleotide alignments of orthologous genes with site-specific codon substitution models. An estimate of the ratio of the number of non-synonymous substitutions per site to the number of synonymous substitutions per site (dN/dS) during species divergence was used as a measurement of conservation; dN/dS values less than one indicate that the site has predominantly been under purifying selection, with lower values indicating stronger selective constraint and conservation.
A nucleotide multiple-sequence alignment was produced for the genes in each orthologous group using PRANK (version .140110) [71, 72] . Regions with gaps were automatically removed using TrimAL [73] .
In order to estimate a species tree for the conservation analysis, a composite alignment was built by concatenating the 3150 alignments that contained orthologs from all seven species. The tree was estimated using PhyML [74] . Site dN/dS estimates were computed using the site models implemented in the "codeml" program of the PAML package (version 4.8a) [75] . The analyses were automated using the PAML interface implemented in the Bio.Phylo module of Biopython [76] . Subsequent analyses of site conservation included only sites under purifying selection (dN/dS < 1). A regression model of dN/dS scores was built using beta regression, as implemented in the "betareg" library for R (version 3.0-5) [77] .
The residuals of this model were used to identify sites under stronger-than-expected conservation. For more details, see the Supplementary Methods.
Motor protein phosphorylation hot-spots
We identified and grouped proteins belonging to the kinesin, dynein heavy chain, dynein light intermediate chain and dynein intermediate chain families according to their annotations in the proteome databases for P. berghei, P. falciparum, T. gondii, M. musculus, Homo sapiens, Rattus norvegicus and Saccharomyces cerevisiae. In addition, we considered a group of Plasmodium proteins for which no known function has been described (denoted as "conserved Plasmodium protein, unknown function"), but which have been assigned the "motor activity" GO term (GO:0003774) in P. falciparum at PlasmoDB, some of which we could assign by orthology to the kinesin family. Previously published human, mouse and rat phosphosite information was retrieved from Phosphosite Plus [78] (date of data set: 2016 Jan. 29). For yeast, phosphosite data was retrieved from Phosphogrid [79] (downloaded 2014 Mar. 14). Phosphosite data was manually curated for T. gondii [21, 80] , P. falciparum [20] [21] [22] [23] [24] 26] and P. berghei [11] . The P.
berghei was further supplemented with the phosphosites observed in our time course experiment. Multiple sequence alignments were constructed for each sequence and phosphosite hot-spots were estimated via kernel density estimation on phosphosite counts at each aligned column. Table 1 : Significantly regulated sites which show stronger conservation than expected via a regression model, lie within a predicted protein domain, and have been previously observed in P. falciparum.
